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The carbon nanotubes (CNTs) filled polydimethylsiloxane (PDMS) hybrid membrane was fabricated to 
evaluate its potential for butanol recovery from acetone-butanol-ethanol (ABE) fermentation broth. 
Compared with the homogeneous PDMS membrane, the CNTs filled into the PDMS membrane were 
beneficial for the improvement of butanol recovery in butanol flux and separation factor. The CNTs acting 
as sorption-active sites with super hydrophobicity could give an alternative route for mass transport through 
the inner tubes or along the smooth surface. The maximum total flux and butanol separation factor reached 
up to 244.3 g/m 2- h and 32.9, respectively, when the PDMS membrane filled with 10 wt% CNTs was used to 
separate butanol from the butanol/water solution at 80 °C. In addition, the butanol flux and separation 
factor increased dramatically as temperature increased from 30 °C to 80 °C in feed solution since the higher 
temperature produced more free volumes in polymer chains to facilitate butanol permeation. A similar 
increase was also observed when butanol titer in solution increased from 10 g/L to 25 g/L. Overall, the 
CNTs/PDMS hybrid membrane with higher butanol flux and selectivity should have good potential for 
pervaporation separation of butanol from ABE fermentation broth. 

Butanol is considered an advanced biofuel for its advantages of high energy content, hydrophobic properties 
and compatibility with current gasoline transport infrastructure 1,2 . However, butanol production costs in 
conventional acetone-butanol-ethanol (ABE) fermentation were higher than that of the petrochemical 
process, due to its low butanol titer of less than 2% (w/v) which led to an extremely high recovery cost in 
downstream process by conventional distillation 3,4 . 

Alternative separation technologies, such as liquid-liquid extraction, adsorption, gas stripping and pervapora- 
tion, are considered to be energy- efficient improvements of butanol titer, yield and productivity since they could 
be integrated with ABE fermentation to continuously remove toxic products 5 ". Among them, pervaporation is a 
membrane-based technology with great potential to recover solvents from the dilute fermentation broth with low 
energy consumption 9,1 ". One of the main challenges faced by pervaporation is its deficiencies in desirable 
permeation flux, chemical resistance and butanol selectivity. Many studies have demonstrated that hydrophobic 
fillers or a hydrophobic layer composited with the membrane could improve the permeation flux and separation 
factor of butanol, outperforming the homogenous membrane 11,12 . 

Carbon nanotubes (CNTs) are novel carbonaceous nanomaterials with exceptional properties, such as high 
mechanical stiffness and a large specific surface area etc. 13 . Therefore, membranes composed of CNTs may 
overcome the shortcomings of homogenous membranes, and have thus been intensively studied for a wide range 
of applications, including gas separation and water purification 14,15 . Sae-khow et al. immobilized CNTs into 
polyvinylidene fluoride (PVDF) membrane pores for the alternation of analyte-polymer interactions 16 . The 
presence of CNTs led to higher permeation, as well as a faster rate of mass transfer for the removal of volatile 
organics, such as dichloromethane, chloroform, benzene, trichloroethylene and toluene, from water. The PDMS 
composite membranes with high hydrophobicity and good thermal, chemical, and mechanical stability also 
showed excellent performance over the PVDF membranes 9,10 . In addition, the CNTs/PDMS composite materials 
have been used and well studied for gas separation, nanosensors and electrodes 13,1719 . However, there has been no 
attempt to apply the CNTs/PDMS membrane for butanol recovery from dilute solution or ABE fermentation 
broth. 
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In this work, PDMS membranes filled with various amounts of 
CNTs were fabricated and used to study pervaporation for butanol 
recovery from aqueous solution and ABE fermentation broth. The 
effects of CNTs on the membrane properties and pervaporation 
performance were investigated. The addition of CNTs in the 
PDMS membrane was effective to enhance mass transfer and butanol 
separation, demonstrating beneficial use of CNTs for butanol recov- 
ery from ABE fermentation broth for the first time. 

Results 

Characterization of the CNTs/PDMS membrane. Field emission 
scanning electron microscopy (FESEM) was used to investigate the 
morphologies of PDMS and CNTs filled PDMS membranes. From the 
FESEM images, it can be seen that the surface of the membranes was 
smooth and homogeneous with no defect or void. Since there was no 
obvious difference of the surface views among the membranes with/ 
without CNTs filling, the surface views are not given, and only the 
cross-section images are shown in Figure 1. In general, the color of the 
membranes darkened with increasing the CNT filling weights. As seen 
in Figure 1, dispersed CNTs in the membrane were intimately enclosed 
in the surrounding PDMS phase. It appeared that the CNTs had a 
good interface compatibility with the hydrophobic PDMS. The CNTs 
were uniformly dispersed in the PDMS polymer with the integral 
structure, which gave stable pervaporation performance for butanol 
recovery without any leakage problem. This can be attributed to the 
hydrophobic nature of the CNTs, their favorable association with the 
prior dispersed silicone elastomeric base, and also the high volatility of 
the doping solvent used in membrane preparation. 

The performance of the CNTs/PDMS membrane in butanol/water 
solution. The pervaporation system with an effective membrane area 




Figure 1 | FESEM cross-section images of the CNTs/PDMS membrane. (; 



of 58 cm 2 is illustrated in Figure 2. To investigate the effect of CNTs 
addition on pervaporation performance, the hybrid membranes with 
different loadings of 2 wt%, 5 wt% and 10 wt% CNTs were 
investigated in butanol/water solution at 37°C and 80°C, 
respectively, and the results are shown in Figure 3. 

The total flux, butanol flux and separation factor of the PDMS 
membrane were 38.8 g/m 2- h, 4.1 g/m 2- h and 8.0 at 37°C, respect- 
ively, as shown in Figure 3a. When 2 wt% and 5 wt% CNTs were 
added into the PDMS membrane, the total flux, butanol flux and 
separation factor were slightly enhanced. Furthermore, when 
10 wt% CNTs was presented in the membrane, the total flux, butanol 
flux and separation factor were significantly improved to 61.1 g/ 
m 2- h, 12.5 g/m 2- h and 18.0, respectively, with increases by 57.5%, 
204.9% and 125.0% compared to those in the PDMS membrane. 
However, when the addition of CNTs was 12 wt% in the PDMS 
solution, the membrane cure failed due to the decreased viscosity 
of the PDMS solution. 

As seen in Figure 3b, with a higher temperature at 80°C in feed 
solution, the total flux, butanol flux and separation factor dramat- 
ically increased for both PDMS and CNTs/PDMS hybrid mem- 
branes, which can be attributed to the fact that the higher 
temperature would produce more free volumes in polymer chains 
to facilitate the permeation of the compounds. When 10 wt% CNTs 
were filled into the PDMS membrane, the total flux, butanol flux and 
separation factor reached the maximum values of 244.3 g/m 2- h, 
75.7 g/m 2- h and 32.9, respectively, increases of 20.4%, 38.6% and 
25.1% compared to the PDMS membrane. However, the improve- 
ment of hybrid membrane performance at the higher temperature of 
80°C was less than that at 37°C, indicating that the presence of CNTs 
was more effective in enhancing PDMS membrane performance at 




(d) 

.) PDMS; (b) CNT 2%; (c) CNT 5%; (d) CNT 10%. 
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Figure 2 | Schematic diagram of pervaporation process and butanol permeation assisted by CNTs through the membrane. 



37°C than at 80°C. Therefore, the CNTs/PDMS hybrid membrane 
would be effective for separating butanol produced in ABE fermenta- 
tion by Clostridium, which is usually conducted at 37°C. 

The performance in ABE solution and fermentation broth. To 

further explore the potential application of the CNTs/PDMS mem- 
branes in conventional ABE fermentation, the ABE aqueous solution 
and fermentation broth as feed were employed to evaluate their 
pervaporation performance. As illustrated in Figures 4a and 4b, 
the CNTs/PDMS membranes have high selectivity for butanol and 
acetone, but low selectivity for ethanol. Increasing the CNTs amount 
in the membrane also increased the separation factors for butanol 
and acetone, but not ethanol. The maximum separation factors of 
butanol, acetone and ethanol were 16.6, 13.2 and 2.4, respectively, 




PDMS CNT2% CNT5% CNT10% 
(a) 




PDMS CNT2% CNT5% CNT10% 



Figure 3 | The pervaporation performance of the PDMS and CNTs/ 
PDMS hybrid membrane in butanol/water solution, (a) Feed temperature 
at 37°C; (b) Feed temperature at 80"C. 



when 10% CNTs was added into the membrane. Therefore, 
increasing the CNTs addition in the PDMS membrane was 
beneficial for increasing ABE solvent selectivity in pervaporation. 
In addition, when the addition of CNTs was less than 5% in the 
membrane, there was no significant change in acetone, ethanol 
and water fluxes, whereas butanol flux increased gradually with 
increasing the CNTs addition. Moreover, maximum total and 
butanol fluxes of 93.7 g/m 2- h and 17.7 g/m 2- h, respectively, were 
achieved when there was 10% CNTs in the PDMS membrane. So, 
10% CNTs in the PDMS membrane was optimal for achieving the 
desirable pervaporation performance for ABE recovery from ABE 
aqueous solution. 

As shown in Figures 4c and 4d, compared to ABE aqueous solu- 
tion as feed, similar trends were observed with solvent recovery from 
ABE fermentation broth. The separation factor of butanol and acet- 
one increased with increasing the content of CNTs in the membrane. 
The maximum butanol separation factor and flux of 15.3 and 
15.8 g/m 2- h, respectively, occurred in the presence of 10% CNTs in 
the membrane. It can be concluded that the CNTs/PDMS membrane 
is suitable for butanol recovery from the ABE fermentation broth. 

Effects of temperature and butanol titer in feed. The effects of 
temperature and butanol titer in feed on the performance of 
PDMS membrane filled with 10% CNTs were investigated with 
butanol/water solution, and the results are shown in Figure 5. As 
shown in Figure 5a, the total flux and butanol flux increased 
dramatically from 29.0 g/m 2 -h and 2.8 g/m 2 -h to 241.0 g/m 2 -h 
and 77.5 g/m 2- h, respectively, with increasing temperature from 
30°C to 80°C. Butanol titer in the permeate and separation factor 
also increased from 101.1 g/L and 7.6 to 310.0 g/L and 32.9, 
respectively. It was clear that the pervaporation performance can 
be enhanced at the higher temperature, which could be attributed 
to the enhanced thermal motion of polymer chains induced by the 
increased temperature, allowing more butanol and water easily 
penetrating through the membrane. In other words, at the higher 
temperature, the plasticizing effect on the membranes facilitated 
mass transport because of the weaker interactions between the 
ABE solvent, water and membranes. 

The effect of butanol titer in feed on the pervaporation perform- 
ance was evaluated at 37°C and the results are shown in Figure 5b. 
When the butanol titer in solution increased from 10 g/L to 25 g/L, 
the total flux and butanol flux increased dramatically from 
27.1 g/m 2 -h and 3.2 g/m 2 -h to 71.0 g/m 2 -h and 29.0 g/m 2 -h, 
respectively. Butanol titer in permeate and separation factor also 
increased from 166.7 g/L and 13.5 to 408.8 g/L and 32.0, respectively. 
It was clear that higher butanol titer in feed was beneficial for the 
improvement of butanol flux and butanol titer in permeate. The 
higher gradient of butanol caused by a higher butanol titer in feed 
could offer higher driving forces to facilitate butanol molecules dif- 
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fusing and permeating through the membrane. Therefore, a high feed 
butanol titer would be highly desirable for butanol recovery by per- 
vaporation to obtain a high butanol titer in the permeate, which 
would require less energy in the downstream dehydration process. 

Mechanical property and membrane stability. The tensile stress- 
strain curves for the CNTs/PDMS membranes filled with various 
weights of CNTs are shown in Figure 6. More stress was required 
for CNTs added PDMS to produce the same strain, indicating that 
the addition of nanotubes stiffened the PDMS matrix. In general, the 
Young's modulus (£) of the CNTs/PDMS membranes increased with 
increasing the CNTs weights in the membrane up to 5%, as indicated 
by the increased slopes in the plots. However, E decreased when the 
CNTs weight fraction further increased to 10%, although it was still 
higher than that of the PDMS membrane. A similar phenomenon of 
tensile stress-strain property was also observed in other studies about 
the CNTs/PDMS composite materials used for electrodes and 
nanosensors 1819 . 

The stability of 10% CNTs/PDMS membrane in pervaporation for 
ABE recovery from fermentation broth was investigated at 37°C for 
—200 h, and the results showed relatively stable performance with 
less than 10% fluctuation in ABE separation factor, total flux and 
butanol flux for all 10 samples taken during the tested period (data 
not shown). There was no obvious decrease in total and butanol 
fluxes during the entire tested period, indicating no fouling or clog- 
ging of the membrane. Since the membrane surface was smooth and 
nonporous (see Figure 1), it would be difficult for biomass to stick to 
or penetrate through the membrane under the cross-flow conditions. 
Therefore, the PDMS membranes were stable and could keep a long 
life-time for butanol recovery from ABE fermentation broth. 



Discussion 

Pervaporation is considered an energy efficient alternative to conven- 
tional distillation for removing solvents from the dilute fermentation 
broth. The application of pervaporation for butanol recovery is based 
on the high selective permeation of butanol in preference to water 
through the hydrophobic membrane, due to its hydrophobic prop- 
erty. For comparison, some selected studies with various kinds of 
membranes are summarized in Table 1. In general, the main problem 
of the homogeneous membranes such as polytetrafluoroethylene 
(PTFE) and poly(ether block amide) (PEBA 2533) membranes is 
their deficiencies in high butanol separation factor or flux 20,21 . 
Although the PDMS membrane has good thermal and mechanical 
stability with superior performance compared to other hydrophobic 
membranes, its butanol selectivity over water is still not satisfactory 4 . 

Applying hydrophobic fillers or a layer composited with the 
PDMS membrane is an effective way to improve the mass flux and 
separation factor of butanol in pervaporation. As can be seen in 
Table 1, the PDMS/PE/brass support membrane with a tri-layer 
structure had higher total flux and separation factor than those of 
the PDMS/brass support membrane, suggesting that the large surface 
porosity of the PE layers could effectively decrease mass transfer 
resistance and promote mass transfer for the improvement of mem- 
brane performance 22 . Niemisto et al. fabricated a PDMS membrane 
with a support layer of polyacrylonitrile (PAN) to separate ABE from 
ABE aqueous solution with butanol and acetone separation factor of 
22, demonstrating its potential for solvent recovery from ABE fer- 
mentation broth 10 . However, although the porous support layers 
were effective for improving membrane performance, their porosity 
structure may lead to a fouling problem induced by biomass or 
macromolecules detained in the pores of the membranes. 
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Figure 5 | Effects of process parameters on pervaporation performance of 
PDMS membrane filled with 10% CNTs. (a) Temperature in feed; (b) 
Butanol titer in feed. 

Mix matrix membrane (MMM) is a class of membranes with 
highly selective nanoparticles dispersed in polymeric matrix. In 
recent years, nanoparticles, such as zeolite, silicalite and carbon 
molecular sieve etc., have been extensively studied for the fabrication 
of hybrid membranes. MMM such as poly(ether-block-amide) 
(PEBA) filled with ZIF-71, a subclass of metal-organic framework 
(MOFs) with superhydrophobic properties, gave a high total flux of 
520 g/m 2- h and butanol separation factor of 18.8 using ABE solution 
as feed at 37°C 23 . With the addition of 5% CNTs in PEBA, the hybrid 
membrane increased the total flux and butanol separation factor 
from 85 g/m 2- h and 17.4 to 153 g/m 2- h and 19.4, respectively, com- 
pared to the control without CNTs addition 24 . 

For the first time, the CNTs/PDMS hybrid membrane was fabri- 
cated and tested for n-butanol recovery, and its advantages and 
potential for use in the advanced biofuels production were demon- 
strated in this study. The CNTs can be uniformly dispersed in the 
PDMS polymer membrane with excellent compatibility. The total 
flux and separation factor reached 244.3 g/m 2- h and 32.9, respect- 
ively, with 10 wt% CNTs in the CNTs/PDMS membrane. It has also 
been reported that the PDMS mixed with carbon nanotubes played a 
role in the enhancement of the hydrophobic surface 25 . Rodzi et al. 
(2013) demonstrated that the addition of CNTs on PDMS thin films 
increased their contact angle to > 110.0° with excellent hydrophobic 
property 26 . The hydrophobic CNTs, as well as their interaction with 
PDMS polymer, may contribute to the high butanol permeance. 
CNTs fillers have good compatibility with the PDMS polymer 
matrix, so the CNTs/PDMS hybrid membrane exhibited high buta- 
nol selectivity and flux, not only in the butanol or ABE aqueous 
solution, but also in the ABE fermentation broth. 
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Figure 6 | Relationships between tensile stress and strain for CNTs/ 
PDMS membranes with various filling weights of CNTs. 

It is important to get the fillers well dispersed in the mixed matrix 
structure 27,28 . In case fillers agglomerated, the "channel flow" would 
dominate the mass transport across the agglomerates region, where 
the inter-filler free channel space was generally too large to be mole- 
cularly selective. As a result, the highly discriminative flow, which 
takes place in the inner, or along the smooth, surface of the CNTs, 
would lose their chance in improving the membrane selectivity, 
depending on the fraction of the fillers formed in the agglomerates. 
Furthermore, it should be noted that the dispersed fillers also needed 
to have a good interfacial compatibility with the polymer matrix to 
exclude the non-selective "leaky flow" for the necessarily guarantee 
of the highly selective performance. 

Interestingly, compared to the PDMS membrane without CNTs 
addition, butanol flux and separation factor of the PDMS membrane 
with 10 wt% CNTs filling were enhanced by 204.9% and 125.0% at 
37°C, respectively, while the increase was only 38.6% and 25.1% at 
80°C. Our results indicated that the presence of CNTs in the PDMS 
membrane could play a more important role for the enhanced per- 
vaporation performance at low rather than high temperatures. In 
general, the presence of CNTs in the membrane could alter the 
analyte-PDMS polymer interactions, the major physicochemical fac- 
tors affecting the permeability and separation factor of the polymer 
composite membrane 29 . In addition, as shown in Figure 2, the CNTs 
acting as active sorption sites that interacted with the analytes and 
provided an alternative route for mass transport via diffusion 
through the inner channel tubes or along its smooth and hydro- 
phobic surface, allowing the analytes to penetrate the membrane 
more easily 30,31 . Therefore, at low temperature, the presence of 
CNTs led to significant enhancement of permeability through the 
hybrid membrane. This is because in the compact PDMS membrane 
mass transfer is strongly controlled with serious resistance from the 
PDMS polymer chain structure. However, the higher temperature 
produced more free volumes in polymer chains and accelerated ther- 
mal motion of the polymer chains, thus significantly facilitating the 
analytes to permeate or diffuse through the membrane. So, even if the 
CNTs could provide more flexible routes in the PDMS membrane, 
their effects are less pronounced at high temperature. 

According to molecular dynamics (MD) simulations on slip flow 
of water inside CNTs, water slip could contribute to the increase in 
water transport through the CNTs 32 . However, the underlying mech- 
anism of water transport through the CNTs is more complicated, 
since it should be characterized by some theoretical models such as a 
standard 6-12 Lennard-Jones (LJ) potential and the TIP3P model 
etc. for elucidation of the interaction between water and carbon 
atoms. More importantly, there is a large difference between the 
water flow speeds in the experiments and in the MD simulations 31,33 . 
In the present study, the water flux slightly increased with increasing 
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the amount of CNTs in the PDMS membrane and reached its max- 
imum value at 10% CNTs filling, indicating CNTs in the membrane 
were beneficial for the improved water permeation through the 
membrane, which was consistent with the MD simulation results 
that water transport through the CNTs could be increased due to 
water slip. In addition, the butanol flux also increased with increasing 
the amount of CNTs in the PDMS membrane. Furthermore, the 
improvement of butanol flux was much greater than that of water 
flux at the same amount of CNTs filling. Therefore, butanol separa- 
tion factor was enhanced when the PDMS membranes were filled 
with CNTs, especially at 10% weight fraction. 

The presence of CNTs was especially effective in improving buta- 
nol separation by the PDMS membrane at 37°C. Since the conven- 
tional ABE fermentation by solvent-producing Clostridium spp. is 
usually conducted at 37°C, our CNTs/PDMS hybrid membrane is 
practical to mitigate inhibitory products and recover butanol from 
fermentation broth in ABE fermentation integrated with pervapora- 
tion. Therefore, the CNTs/PDMS hybrid pervaporation membrane 
should have great potential to enhance butanol productivity and 
yield when applied to the ABE fermentation process. 

In conclusion, novel CNTs/PDMS hybrid membranes with 
enhanced and stable pervaporation performance were fabricated 
for butanol recovery. The presence of the CNTs in the PDMS mem- 
brane led to enhanced butanol flux and separation factor, which may 
be attributed to the smooth and hydrophobic surface of the CNTs as 
well as their interaction with PDMS polymer to facilitate butanol 
permeation through the membrane. The CNTs/PDMS membrane 
thus has great potential if applied in ABE fermentation integrated 
with pervaporation. 

Methods 

Preparation of PDMS and CNTs/PDMS membrane. For the PDMS membrane 
fabrication, the base solution from the Sylgard®184 silicone elastomer kit (Dow 
Corning, USA) was mixed with the curing agent in a 10 : 1 ratio, using pentane as the 
solvent to dilute the mixture. The mixture was stirred completely for 5 min and then 
sonicated in an ultrasonic bath for 0.5 h. The mixture was placed on a clean glass plate 
and cast evenly using a micron film applicator (Paul N. Gardner Company, USA) and 
then placed in vacuum to degas. The mixture on the glass plate was then heated in an 
oven for 3 h at 100 C. After curing, the membrane was carefully peeled off for use in 
pervaporation. 

The CNTs/PDMS hybrid membrane was fabricated with the CNTs (Flotude 9000, 
CNano Technology Ltd, USA) added into the PDMS membrane. The base solution 
and curing agent in the ratio of 1 0 : 1 was mixed using pentane as the solvent, and 
CNTs with a mass ratio of 2%, 5% and 10% were dispersed into the solution, 
respectively. Firstly, the CNTs were dispersed in pentane to facilitate effective and 
uniform dispersion in the PDMS viscous matrix. The pentane/CNTs suspension was 
then added to PDMS base solution followed by vigorous manual mixing. The mixture 
was then added to the curing agent before being mechanically stirred to evaporate the 
pentane solvent and sonication in an ultrasonic bath for 0.5 h. The mixture was 
uniformly coated on a clean glass plate with a micron film applicator and then placed 
in vacuum to degas. After heating at 100 C for 3 h to cure the membrane, the 
membrane was peeled off the glass plate. The thickness of the PDMS and CNTs/ 
PDMS hybrid membranes was 200 urn. The field emission scanning electron 



microscopy (FESEM) (Nova Nano SEM450, FEI, USA) was used to analyze the CNTs 
composite membranes morphologies. 

Pervaporation experiment. Either ABE solution or fermentation broth containing 
— 15 g/L butanol was used as the feed solution at 37°C to evaluate the pervaporation 
performance of PDMS and CNTs/PDMS membranes. Fermentation broth was 
collected from ABE fermentation with P 2 medium by Clostridium acetobutylicum 
ATCC 55025, described by Xue et al 34 . The ABE ratio in ABE solution was 3 : 6 : 1, 
same as the usual ABE fermentation broth. To evaluate the effects of temperature and 
butanol titer on pervaporation performance, temperature and butanol titer ranges of 
30-80°C and 10-25 g/L were investigated, respectively. All the pervaporation 
experiments were conducted at the feed flow rate of 1.2 L/min and a vacuum of 
<20 kPa on the permeate side of the membrane. The permeate was collected in a cold 
trap immersed in liquid nitrogen. 

Analytical methods. The titers of acetone, butanol and ethanol were assayed with a 
gas chromatograph (Alilgent 6890A GC) following the method described 
previously 35 . 

The flux and separation factor (SF) were calculated as follows: 



Flux- 



At 



*/(!-*) 



(1) 



(2) 



Where W is the weight (g) of the permeate; A is the membrane area (m 2 ), t is the 
time (h), and x andy are the weight fractions of components in the feed and permeate, 
respectively. 
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